
EXPERIMENTAL

Multispectral optoacoustic tomography of the human breast:
characterisation of healthy tissue and malignant lesions using
a hybrid ultrasound-optoacoustic approach

Anne Becker1 &MaxMasthoff1 & Jing Claussen2
& Steven James Ford2

&Wolfgang Roll3 &

Matthias Burg1 & Peter J. Barth4
& Walter Heindel1 & Michael Schäfers3,5 &

Michel Eisenblätter1,6 & Moritz Wildgruber1

Received: 16 February 2017 /Revised: 22 June 2017 /Accepted: 21 July 2017 /Published online: 7 August 2017
# European Society of Radiology 2017

Abstract
Background and aim Multispectral optoacoustic tomography
(MSOT) represents a new in vivo imaging technique with
high resolution (~250 μm) and tissue penetration (>1 cm)
using the photoacoustic effect. While ultrasound contains an-
atomical information for lesion detection, MSOT provides
functional information based on intrinsic tissue chromo-
phores. We aimed to evaluate the feasibility of combined
ultrasound/MSOT imaging of breast cancer in patients com-
pared to healthy volunteers.
Methods Imaging was performed using a handheld MSOT
system for clinical use in healthy volunteers (n = 6) and rep-
resentative patients with histologically confirmed invasive
breast carcinoma (n = 5) and ductal carcinoma in situ (DCIS,
n = 2). MSOT values for haemoglobin and oxygen saturation

were assessed at 0.5, 1.0 and 1.5 cm depth and selected wave-
lengths between 700 and 850 nm.
Results Reproducible signals were obtained in all wave-
lengths with consistent MSOT signals in superficial tissue in
breasts of healthy individuals. In contrast, we found increased
signals for haemoglobin in invasive carcinoma, suggesting a
higher perfusion of the tumour and tumour environment. For
DCIS, MSOT values showed only little variation compared to
healthy tissue.
Conclusions This preliminary MSOT breast imaging study
provided stable, reproducible data on tissue composition and
physiological properties, potentially enabling differentiation of
solid malignant and healthy tissue.
Key Points
• A handheld MSOT probe enables real-time molecular imag-
ing of the breast.

•MSOTof healthy controls provides a reproducible reference
for pathology identification.

•MSOT parameters allows for differentiation of invasive car-
cinoma and healthy tissue.
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Abbreviations
DCIS Ductal carcinoma in situ
MRI Magnetic resonance imaging
MSOT Multispectral optoacoustic tomography
OA Optoacoustic
PET Positron emission tomography
ROI Region of interest
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RUCT Reflection ultrasound computed tomography
US Ultrasound

Introduction

With a worldwide incidence of about 1.4 million per year, a
lifetime risk of 7% and accounting for 14% of all cancer-
related deaths, breast cancer is the most prevalent cancer in
women and of major importance for both individual and na-
tional healthcare [1]. Various imagingmodalities such as x-ray
mammography, ultrasound (US), magnetic resonance imaging
(MRI) or positron emission tomography (PET), also used as
an indicator of therapeutic response [2], are commonly used in
clinical diagnosis of breast cancer. Due to false-negative rates
of up to 20%, especially with x-ray mammography, which
remains the gold standard [3], further approaches have been
introduced in recent studies to improve sensitivity and speci-
ficity of diagnosis. Using multimodal ultrasonic tomographic
imaging, malignant breast lesions can be differentiated from
healthy tissue and benign lesions by refractivity and
frequency-dependent attenuation corresponding to compress-
ibility and viscoelasticity of breast tissue [4]. However, spec-
ificity of diagnosis remains a main problem. To address this
issue, shear-wave elastography was used as an adjunct to B-
mode ultrasound to improve specificity of the assessment [5].
However, revealing tumour heterogeneity, tissue composition
and vitality remains a challenge [6] as functional properties of
breast tissue were not addressed by these approaches.
Preliminary results of a two-dimensional (2D) diffuse optical
imaging approach provided functional information reflected
by greater light absorption due to higher total haemoglobin
concentration in five breast cancer patients. However, the au-
thors concluded that a second generation of the approach
needs to overcome several limitations concerning limited tis-
sue penetration, artefacts as well as detection of both oxygen-
ated and deoxygenated Hb [3].

Multispectral optoacoustic tomography (MSOT) repre-
sents a promising new approach for non-invasive imaging as
it enables depiction of tissue characteristics and biological
parameters with high spatial resolution and without the need
for extrinsic contrast agents [7, 8]. Compared to other optical
imagingmodalities, MSOT has good tissue penetration up to a
few centimetres [7, 9, 10]. The MSOT principle is based on
the photoacoustic effect, first described in 1881 [11].
Absorption of pulsed, high-energy light causes thermoelastic
expansion of scanned tissue, inducing the transmission of US
waves. Due to specific properties of intrinsic absorbers like
haemoglobin, melanin or lipids, image reconstruction can re-
veal absorber distribution, which is expected to differ in phys-
iological and pathological conditions [8, 12]. MSOT has been
evaluated in several (pre-)clinical studies investigating vascu-
lar and cardiac [10, 13], oncological (especially malignant

melanoma) [14–16] and inflammatory diseases [17].
Regarding biological tissue properties of benign and malig-
nant breast lesions, promising preclinical results have been
reported using optical and photoacoustic imaging [18, 19].

Recently, a combined MSOT/US handheld approach for
combined imaging of anatomical and functional properties
has been developed and introduced [7, 9, 10]. Combining both
imaging modalities overcomes previous limitations of MSOT
concerning anatomical co-localisation, offering a higher po-
tential for clinical translation.

We demonstrate the clinical applicability of a handheld
optoacoustic/US scanner and provide the first evidence for
an imaging signature associated with malignant versus healthy
breast tissue.

Materials and methods

Technical description of MSOT imaging device

The clinical MSOT imaging system (MSOT Acuity Echo,
iThera Medical, Munich) comprises a tunable optical paramet-
ric oscillator (OPO) that is pumped by an Nd:YAG laser to
provide excitation pulses with a duration of 9 ns at wavelengths
from 680 nm to 980 nm at a repetition rate 25 Hz and a peak
pulse energy of 30 mJ at 730 nm. A handheld probe was used
forMSOT imaging. This probe was connected to the OPO via a
fibre bundle integrated into the probe with a diffuser providing
an elliptical light spot of approximately 10 mm width and
15 mm length. The pulse energy was attenuated to ensure ad-
herence with American National Standards Institute (ANSI)
limits of maximum permissible exposure. The detector (256
transducer elements of centre frequency = 3 MHz; send/receive
bandwidth = 56%; optoacoustic (OA) resolution ~250 μm) had
a 125° angular coverage providing 2D cross-sectional images
with a field of view (FOV) of 40 × 40 mm2 and 100 μm recon-
structed pixel size. Multispectral images were acquired using
one pulse per wavelength image. The MSOT penetration depth
with the current setup was limited to 3 cm. The recorded images
were reconstructed using a standard back-projection algorithm
[20] after band-pass filtering and deconvolution with the elec-
trical impulse response of the transducer. In order to partially
compensate for light attenuation in tissue and to enhance the
visualisation of deep structures, light fluence was modelled
using exponential decay assuming μs = 15 cm-1, μa =
0.022 cm-1 at the isosbestic point (800 nm). To increase the
signal-to-noise-ratio, a running average was applied over seven
sequential frames if no detector movement was determined in
the image sequence (Fig. 1A-C).

Reflection ultrasound computed tomography (RUCT)-
mode US images were generated by the MSOT device using
an US-imaging platform that consolidates transmit-receive
boards and a function of triggered acquisition for
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synchronising US and OA image streams, as previously de-
scribed [21]. Generated transmit pulses had a peak-to-peak
voltage of 20 V and a frequency of 5 MHz. Detected echo
signals were reconstructed using transmit aperture technique
at a FOVof 40 × 40 mm2 with a pixel size of 180 μm and a
theoretical minimal US resolution of 345 μm. US pulse-echo
was applied in sub-apertures of one-quarter of the number
detector elements (64 elements) with one single element con-
tinuously transmitting the pulse and all elements receiving the
resulting echo signals. The single pulsing element swept
across four sub-apertures and were combined to cover the
entire angular coverage (256 elements) of the handheld array.
The final image was generated by using spatial compounding
of the sub-apertures.

MSOT image acquisition

MSOT images were acquired at five wavelengths: 700 nm,
730 nm, 760 nm, 800 nm and 850 nm. Individual contributions
of oxygenated (HbO2) and deoxygenated haemoglobin (HbR)
were calculated from data acquired and based on their spectral
absorption characteristics by spectral unmixing. Subsequently,
total Hb (HbT =HbO2 +HbR) and oxygen saturation (sO2 =
HbO2/HbT) were calculated for regions of interest (ROIs) co-
localised to structures identified onUS images.MSOT values for
each ROI represent the mean optoacoustic image value of all
pixels. Subsequently, these MSOT parameters were
pseudocolour-coded and visualised individually with the US im-
age as background in composite images.

Fig. 1 The principle of multispectral optoacoustic tomography (MSOT)
and imaging of healthy volunteers. Short pulses of light are absorbed by
intrinsic tissue chromophores, inducing thermoelastic expansion and
creating an ultrasound signal (A). Using multiple excitation
wavelengths and tomographic signal detection, MSOT can spatially and

temporally resolve specific chromophores based on spectral unmixing
methods (B, C). Comparison of MSOT signals (AU, 700–850 nm)
from healthy individuals at different depths shows a trend in constant
values with the most consistency at 0.5 cm depth, but more spread at
1.5 cm depth due to light scattering and absorption (D–F)
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Measurements and patients

Initial examination with clinical MSOT was performed in
healthy individuals (n = 6) using a handheld probe after
obtaining written and informed consent of both healthy vol-
unteers and breast cancer patients. Examinations were shorter
than 15min and eyes of examiners and patients were protected
with laser safety goggles.

Measurements of both breasts were performed and ROIs
(100 mm2) were placed, based on the US images, at 0.5, 1.0
and 1.5 cm depth indicating results in arbitrary units (AU).
Furthermore, breasts with histologically-confirmed malignant
transformations were imaged on imaging data acquired in five
patients with invasive breast cancer prior to surgical interven-
tion. ROIs were placed in the tumour centre and tumour mar-
gin, depicted as hypoechogenic lesion in the corresponding
US. Signals were compared with peritumoral tissue, co-
localising with non-pathological findings in US, and unaffect-
ed breast tissue in the same patient at the same depth as the
measured tumour lesions in intraindividual controls. As char-
acteristically pathological US signals of ductal carcinoma in
situ (DCIS, n = 2) do not exist, ROIs were defined in relation
to ROIs of healthy controls. In both cases MRI revealed a
diffuse infiltration of the entire breast by the DCIS, which
was confirmed by histology upon complete mastectomy.
Measurements of non-affected tissue served as intraindividual
controls. For comparison, ratios (mean tumour/mean unaffect-
ed tissue) were calculated. ROIs covered 10 mm2 (invasive
carcinoma) and 100 mm2 (DCIS).

Subsequently, results of MSOT imaging were compared to
corresponding MRI and histological analyses (haematoxylin
and eosin stain).

Statistical tests (unpaired t-test) and graphs were calculated
using GraphPad Prism (version 7, GraphPad Software Inc.).

Results

The clinical MSOT imaging system enabled non-invasive real-
time visualisation of the human breast. Parallel acquisition of
RUCT-ultrasound and MSOT allowed for an exact anatomical
co-localisation of physiological MSOT information enabling im-
age fusion of pseudo colour-coded MSOT signals with US im-
ages. In the presented setup, individual images are reconstructed
on the fly and refresh rate was possible at 25 Hz for single
wavelength imaging. Multispectral imaging in this scenario is
possible at up to 5 Hz (25 Hz * 5WLs per multispectral image),
and a 5Hz refresh rate per multispectral image.

Imaging of healthy controls

In healthy individuals, constant and reproducible MSOT sig-
nals with only little variation between single measurements

were detected at 0.5–1.5 cm depth. As expected, single-
wavelength MSOT image intensities changed with wave-
length (reflecting the absorbance profile of tissue chromo-
phores), the variability in measurements was irrespective of
imaging wavelength. Accordingly, the estimated values for
Hb, HbO2, HbT and sO2 were reproducibly stable in the
healthy tissue. With increasing tissue depth, MSOT signals
showed an overall reduction of mean values and greater
spread due to light scattering and absorption (Fig. 1D-F).

Imaging of malignancies

In comparison to unaffected breast tissue and peritumoral tis-
sue, MSOT of invasive carcinoma showed increased signals
for Hb, HbO2 and HbT. Calculated tumour-control ratios for
deoxygenated Hb showed a significant increase in tumour
centre (1.13, SD = 0.03, p = 0,019) and tumour margin (1.07,
SD = 0.06, p = 0,031), each compared with peritumoral tissue
(Fig. 2A). Accordingly, ratios for HbT were significantly in-
creased in both the tumour centre (1.18, SD = 0,04, p = 0,002)
and the tumour margin (1.13, SD = 0.04, p = 0,007) compared
with peritumoral tissue (Fig. 2C). Calculated sO2 ratios re-
vealed no significant differences (calculated ratios: 1.03 for
tumour centre, 1.03 for peritumoral tissue, Fig. 2D).

Thus, similar sO2 but increased Hb signals in the tumour
centre suggest higher tumour perfusion compared with healthy
tissue due to tumour neovascularisation and tumour-associated
inflammation in the surrounding tissue. Accordingly, the
MSOT signal was most elevated in the centre and margin of
the tumour lesion (Fig. 2E). MSOT results were supplemented
with MRI images, which showed gadolinium enhancement ex-
emplarily in a lesion of the right breast with irregular margins
(Fig. 2F). Diagnosis was corroborated by postoperative histol-
ogy confirming invasive breast carcinoma (Fig. 2G).

MSOT ratios for all parameters showed no obvious in-
crease in the two DCIS cases when compared to healthy breast
tissue (mean Hb: 1.02, mean HbO2: 1.07 and mean HbT:
1.038, Fig. 3A,B). However, a non-mass, diffuse gadolinium
enhancement was detected in all quadrants of the left breast by
MRI (Fig. 3C) and cancerous infiltration of the entire breast
by the DCIS was confirmed by histology after mastectomy
(Fig. 3D).

There was no relevant operator dependency noted for hand-
held MSOT of breast carcinoma (Supplementary Fig. 1).

Discussion

The possibility of assessing physiological and molecular
properties of a tumour non-invasively during regular
screening and staging examinations would facilitate current can-
cer care. The impact of tumour hypoxia, neovascularisation and
the tumour environment on tumour growth and metastasis has
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Fig. 2 Clinical multispectral optoacoustic tomography (MSOT) of
invasive carcinoma. In invasive carcinoma (n = 5) significantly
increased tumour-control ratios for Hb (p = 0,019), HbO2 (p = 0,043)
and HbT (p = 0,002) were approximated in the tumour centre (red)
compared with peritumoural tissue (blue, A–C). Comparison of
calculated ratios in the tumour margin (orange) and peritumoral tissue
showed significantly higher ratios for Hb (p = 0.031) and HbT (p =

0.007, A,C) No significant differences could be detected for oxygen
saturation (D). Elevated MSOT signals could be detected in an
exemplary MSOT-ultrasound image overlay with highlighted tumour
lesion (white circle, E). Gadolinium enhancement was found in co-
localisation in a corresponding MRI (T1 post gadolinium, D), diagnosis
of invasive carcinoma was confirmed by histological analysis
(haematoxylin and eosin stain, E)
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been previously described for breast cancer [22–26]. MSOT of-
fers semi-quantitative assessment of such functional parameters
via distinction between different intrinsic absorbers
(haemoglobin, melanin, lipids etc.) and has proven to be a prom-
ising approach in various applications, with only a recent emer-
gence of clinical studies [9, 10, 13, 16, 17]. In preliminary

experimental studies first photoacoustic image patterns of breast
cancer have been described using the Twente Mammoscope
[27]. Here we evaluated in a feasibility study for human breast
whether clinical MSOT is (1) applicable, (2) reproducible and
comparable within individuals scanned, and (3) allows distinc-
tion between healthy and malignant tissue in vivo.

Fig. 3 Clinical multispectral optoacoustic tomography (MSOT) of ductal
carcinoma in situ (DCIS). For MSOT measurements of DCIS patients
(n = 2) tumour-control ratios for Hb, HbO2, HbT and sO2 were
calculated. Ratios were similar between healthy tissue and DCIS.
Furthermore no significant differences could be detected between

tumour and peritumoral tissue (A). Exemplary MSOT signals were
relatively diffuse distributed in correlating areas (B). Non-mass
gadolinium enhancement was, however, detected in all quadrants of the
left breast via MRI (T1 post gadolinium, C) and was confirmed by
histology after mastectomy (haematoxylin and eosin stain, D)
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As US is an established imaging procedure, the hybrid US/
MSOT handheld probe is simple to use in the clinical setting
and examinations proved to be quick, performed within the
same timeframe as US imaging. MSOT measurements of
healthy tissue were reproducible and interindividually
comparable with low variance within our study group
(Fig. 1). Thus, our results show first evidence for an imaging
signature that may be representative of healthy breast tissue.
Values obtained from healthy individuals may serve as a base-
line for assessment of disease as well as monitoring of thera-
peutic approaches.

Clinical MSOT characterised tissue properties within inva-
sive carcinoma formation: deoxygenated and oxygenated and
especially total haemoglobin were increased in the tumour
centre and margin when compared to healthy tissue, suggest-
ing high perfusion and neovascularisation. However, the ox-
ygen saturation was not significantly increased. Similar find-
ings of elevated perfusion but low oxygen saturation in inva-
sive carcinoma have been described previously [18, 19, 26,
28, 29]. The results can be interpreted as an indicator of
intratumoral heterogeneity and potentially aid the characteri-
sation of tumour composition.

Only a small increase in MSOTsignals in DCIS could be a
correlate of inhomogeneous tissue composition with both ox-
ygenated and deoxygenated areas/increased and decreased
perfusion within the same intratumoral ROI. Analysis of ad-
ditional (intrinsic) parameters like lipids might help to further
understand tissue characterisation and differentiation.

Our initial study comprises only a limited, exemplary
number of samples but is thought to serve as a paradigm
and inspiration for future study cohorts of relevant size. In
addition, we acknowledge the use of a simple fluence
correction method to correct for the attenuation of light
with imaging depth. Despite this assumption, ROI analy-
sis showed consistent results at multiple imaging depths
in healthy tissue. Furthermore, ROI analysis was per-
formed at similar depths in the breast carcinoma cases to
minimise the effects introduced by shortcomings of
fluence assumptions on the measured MSOT values.
Furthermore, advances in system technology, image re-
construction and unmixing algorithms are expected to im-
prove device performance by increasing tissue penetration
for detecting deep lesions and specificity of absorber de-
tection [8, 12]. Operator dependency of combined US/
optoacoustic imaging may also have a potential impact
for the MSOT results, and this needs to be further inves-
tigated in larger patient cohorts.

In summary, we demonstrate the feasibility of hybrid acqui-
sition of US andMSOTsignal with a handheld probe, enabling
non-invasive clinical breast imaging with consistent, reproduc-
ible acquisition of anatomical and functional information. We
anticipate that these findings will contribute to continuously
translating MSOT imaging into the clinics. We believe that

non-invasive tissue characterisation in breast cancer is of great
benefit for development of personalized breast cancer care.
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